The aim of the work was to develop a mathematical model for computing the steady-state voltage -current characteristics of a planar Solid Oxide Fuel Cell and to determine the performance of a new SOFC design. The design involves cross-fl ow bipolar plates. Each of the bipolar plates has an air channel system on one side and a fuel channel system on the other side. The proposed model was developed using the ANSYS-Fluent commercial Computational Fluid Dynamics (CFD) software supported by additional Fuel Cell module. The results confi rm that the model can well simulate the diagonal current path. The effects of temperature and gas fl ow through the channels and a Membrane Electrode Assembly (MEA) structure were taken into account. It was shown that a signifi cant increase of the MEA temperature at high current density can lead to hot spots formation and hence electrode damage.
INTRODUCTION
Solid Oxide Fuel Cells (SOFCs) have been receiving more attention in the last years due to their high efficiency, reliable and either none or a very low impact on the environment 1 . However, to be able to utilize these devices in an effective way, mathematical models are needed, so that a new design of SOFC behaviour can be analyzed at different operating conditions 2-4 . Many of them 5-6 attempted to apply multi-dimensional approaches to include complex interactions between the macro and micro structural parameters, multiphysics and electrochemical reactions taking place in the SOFC, both at the cell and stack levels. Some of them attempted to model electrodes in the volumes of the electron-ion conducting particles scattered throughout the electrodes 7-9 . Other researchers focused on numerical modelling of heat transfer in SOFC 10-11 . The high operating temperature of 600-800 o C 3-4 , at which SOFCs operate, makes the temperature distribution measurement in the fuel cells diffi cult due to their complex design and sealing issues. Therefore, knowledge of the temperature distribution in Solid Oxide Fuel Cells obtained from the numerical modelling is crucial, since temperature has a signifi cant impact on the combustion reaction mechanism and thus affect the power density. In addition, Santarelli et al. 12 performed even more complex modelling to incorporate the kinetics of reforming reactions. Schluckner et al.
13
carried out numerical and experimental investigation related to carbon deposition on the cell's anode. Many efforts have been also devoted to studying the internal reforming reactions such as Catalytic Partial Oxidation (CPOx), Steam Reforming (SR) or Water-Gas Shift Reaction (WGSR) 5, 14 or investigating the infl uence of the ion and electron transport resistance within the anode and cathode also accounting for the transport phenomena
15
. These studies improved the understanding of various transport processes taking place in SOFCs as well as the fuel cell performance.
However, one of the main challenges is still the optimum geometry design of the fuel cell plates. In this fi eld, some efforts have been done by Bi et al.
16 who investigated the effects of design parameters such as the channel height and manifold width on nonuniformity of fuel velocity distribution among channels. Also Cui et al. 17 carried out modelling of tubular cells under three different modes of current collectors including either inlet or outlet or both inlet and outlet current collectors. The effi ciency loss under the third type of current collectors was about 2 to 6-fold lower than for those of just inlet or outlet collecting mode. Moreover, Lin et al. 18 proposed a nonuniformity index to quantitative evaluation of the nonuniformity degree of fuel velocity distribution among channels in a planar SOFC unit. The CFD results showed that an increase in fuel velocity distribution nonuniformity led to a cell performance drop and the fuel velocity distribution was less uniform under lower cell voltage. It was also found that the fuel velocity was less uniform with lower working voltage and lower fl ow rate using the co-fl ow confi guration instead of the counter-fl ow or using syngas as a fuel instead of hydrogen. The general conclusion from those studies was that it is necessary to develop a model for simulating the current path in the cell components in order to study the SOFC performance.
In this work, a three-dimensional model, consisting of fuel and air channels, anode, electrolyte and cathode layers, for a new design of an anode-supported planar Solid Oxide Fuel Cell with complex bipolar plates was developed to predict thermal and electrical fuel cell performance. The objective was identifi cation of the importance of the electrochemical reactions and the impact of transport phenomena on the fuel cell effi ciency. Further design optimization of the SOFCs is possible based on the local distributions of different parameters such as temperature, velocity, pressure, reactant concentrations as well as current density.
MODEL DEVELOPMENT
A Solid Oxide Fuel Cell consists of three major components: an cathode consists of a Strontium-Dopped Lanthanum Manganite (LSM), a thin Yttria-Stabilized Zirconia (YSZ) sheet, which acts as an electrolyte and an Nickel/Yttria-Stabilized Zirconia (Ni/YSZ) anode. The reactions for a planar SOFC fed with a hydrogen containing anode gas and an oxygen containing cathode gas were considered:
(1)
The products of these processes are direct current (DC) electricity, steam water and heat. Under normal operation, a planar SOFC typically produces voltage of 0.5-0.9 [V].
In order to determine the voltage-current (V-I) characteristics of a new, anode-supported planar Solid Oxide Fuel Cell, a three-dimensional model for the planar fuel cell was developed in the CFD commercial software ANSYS -Fluent 15.0 with an additional Fuel Cell Tools module 19-20 . The simulations considered mass and heat transfer, fl uid fl ow, species and energy transport as well as the electric fi eld in the fl ow channels and in the porous electrodes.
The mass balance domains included anode, cathode and gas channels. In the anode the electrochemical reaction for pure hydrogen was considered (Eq. (1)), while in the cathode that for oxygen (Eq. (2)). The governing equations for mass balance are summarized in Table 1 . The mass diffusivity coeffi cient, , is approximated by the function of the electrode porosity, , tortuosity factor, , and binary diffusion coeffi cient, D i, k (Eq. (13)):
The laminar fl ow in air/fuel channels was described by the Navier-Stokes equation, while the fl ow in porous electrodes was described by the Darcy's law. The governing equations for the momentum balance are summarized in Table 2 .
Thermal energy was transferred by conduction and convection, the radiative heat transfer was neglected due to its low impact 21 . Heat source consisted of the chemical and electrochemical reaction enthalpies and Ohmic heat. The governing equations for energy balance for all domains are summarized in Table 3 .
The charge balance domains included anode, electrolyte, cathode and interconnectors. The governing equations for the charge balance are presented in Table 4 .
The cell potential,  cell , had the following form: (27) where: ele  is the Ohmic overpotential of the electrolyte,  act,anode and  act,cathode represent respectively the activation overpotential of the anode and cathode,  s represents the Ohmic losses in the solid conduction regions such as current collectors, while  ideal represents the Nernst potential,  Nerst , described by Eq. (28):
In order to estimate the values of the activation overpotentials for the anode and cathode the Newton method was used to solve the Butler-Volmer equation (29): (29) In Eq. (29), i is the current density, i 0,eff is the effective exchange current density,  anodea and  cathode are anodic and cathodic transfer coeffi cients, respectively, and they were defi ned as 0.5, because of the nearly universal assumption that there is a symmetric balance between the forward and backward reaction. In addition, F is the Faraday's constant, n is the number of electrons that are released per reaction, R is the universal gas constant, T is the absolute temperature. The effective exchange current density, i 0,eff , at the anode and cathode side can be written as: The two electrode layers of the SOFC membrane-electrode assembly were resolved in the model and a thin electrolyte was considered as electrolyte interface. An unstructured 3D mesh was built in the ANSYS Meshing software in the fuel/air channels, anode and cathode domains. The mesh consisted of 890 thousands of computational cells. The operating conditions and material properties used in simulations are listed in Tables 6 and  7 , respectively.
The studied case was numerically solved using the following additional assumptions:
-steady state processes were considered, -laminar fl ow was assumed in the porous electrodes, -fuel and air were approximated as ideal gases, -fuel and air channels were treated as adiabatic,
A planar Solid Oxide Fuel Cell with cross-fl ow bipolar plates was used in the simulations. A schematic of the design proposed by Bossel 22 is shown in Figure 1 . Flow channels were designed to connect two pairs of opposite orifi ces at four corners of the SOFC plates. Each of the bipolar plates had an air channel system on one side and a fuel channel system on the other side as shown in Figure 2 . One pair of channels in adjacent plates was used for the air fl ow along the cathode electrode, the other one for the fuel fl ow along the anode of each cell. The basic dimensions of the fuel cell are presented in Table 5 . Table 6 . Operating conditions used in simulations Table 5 . Key geometry parameters
22
-radiation heat exchange between MEA and interconnectors was neglected, -heat convection was neglected in the porous electrodes.
By keeping the adjustable parameters constant and varying the operating temperature, polarization curves at different temperatures were obtained. The 
RESULTS AND DISCUSSION
A particular interest in the employment of the CFD modelling is related to the species and temperature distributions within the new design of planar SOFC, analogous to experimental one 22 and particularly in the fuel and air fl ow channels. This is due to the fact that the SOFC performance strongly depends on the mass, heat and charge transport. Figure 3 depicts the mass fraction distributions respectively of hydrogen (a), water (b) and oxygen (c) at the electrolyte layer on the anode side. The mass fraction of hydrogen signifi cantly changes diagonally between the fuel inlet and outlet. The fuel and air inlets are located at the left side (Fig. 2) of the fuel cell on its opposite sides; fuel on the bottom and air on the top side. In this specifi c region the water production due to electrochemical reaction becomes the strongest, while the mass fraction of hydrogen in fuel decreases along the channel due to electrochemical consumption. The mass fraction of hydrogen within the electrolyte is not uniform and differs for the operating voltage range values as it can be seen in Figure 3a .
The consumption rates of hydrogen and oxygen as well as the formation rates of water affect the current density distributions presented in Figure 4 . Areas of the highest current density appear in the same regions, where the highest formation rates were noticed.
A comparison of the calculated voltage vs. power curves with the experimental results 22 is presented in Figure 5 High hydrogen utilization was observed from the voltage decreasing from 0.7 [V] , which may be a potential cause of the deviations from the experimental results. It seems that the cause of deviations from the experimental data 22 was local fuel starvation and reoxidation of the anode. To avoid widespread fuel starvation in the future and excessive heating a higher fuel feed rate should be probably used for an upper bound of current of 9 [A].
In addition, distributions of pressure, velocity and temperature in the fuel channel are shown in Figure  6a , b and c, respectively. The pressure drop in the fuel channel ranged from 18.9 [Pa] to 12.9 [Pa] for higher voltage values as it can be seen in Figure 6a , while the same values were about ten times higher (not presented here) in the air channel. The second row of Figure  6b shows the distribution of the velocity in the anodic channel. The hydrogen fuel enters the anode channel in the lower left corner at the velocity of 1.7 [m/s], then fl ows along 27 sub-channels with a different length and leaves the anode channel through the fuel outlet located at the upper right corner. The highest fuel velocity can be observed at the inlet, then it drops slightly at the inlet section, where the fl ow separation occurs and in the outlet section the velocity increases again. The velocity distributions within ribs were quite uniform with the mean value of 0.5 [m/s]. The fuel velocity signifi cantly changed in the inlet/outlet sections and areas between the ribs as it can be noticed in Figure 6b .
The lowest temperature was found near the fuel outlet at the upper right corner (Fig. 6c) . The most surprising fi nding was that the highest temperature of the fuel was at the region of the air outlet at the lower right corner as well as in the region, where the formation of the products increased. The average temperature difference between the fuel inlet and outlet was equal to 150 o C, with 230 o C for the air channel. However, the temperature distributions are characterized by high nonuniformity, which may cause local thermal stresses and lead to fuel cell damage.
CONCLUSIONS
The CFD results were validated with experimental data and therefore the computational results are recognized as valuable and trustworthy. A reasonably good agreement of the predicted V-I curve with experiments was obtained. The simulation results directly contributed to the development process of the planar anode-supported SOFC. Moreover, the fi ndings will be also used to optimize a new design of the bipolar plates developed under the framework of the SAFARI project. 
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